The effects of estrogen on the response of hypothalamic arcuate neurons to p-opioid and GABA, agonists were investigated. Intracellular recordings were made from arcuate neurons in slices prepared from ovariectomized guinea pigs that were pretreated with estrogen or vehicle. Estrogen shifted the dose-response curve to the p-opioid agonist DAMGO (Tyr-D-Ala-Gly-MePhe-Gly-ol) by 3.4-fold; the EC,, for DAM-GO was 240 f 25 nM in estrogen-treated females versus 70 * 12 nM in the controls. The maximal hyperpolarization induced by DAMGO was equivalent in neurons from both groups. The K. for the naloxone antagonism of the DAMGO response was similar in both groups, which would indicate that the affinity of the p-receptor was unchanged.
To explore where in the receptor/G-protein/K+ channel cascade estrogen may be acting to attenuate the F-opioid-mediated hyperpolarization, the response to the GABA, agonist baclofen was also tested. Estrogen treatment also shifted the doseresponse curve for the baclofen-induced hyperpolarization by 3.3-fold without altering the maximum hyperpolarization; the EC,, shifted from 11.0 f 4.0 PM to 36.0 f 5.0 KM. All of the neurons were identified after linking the intracellular biocytin with streptavidin-FITC, and a subpopulation of cells in both groups were immunoreactive for /Sendorphin. We conclude that estrogen decreases the functional coupling of the p-opioid and GABA, receptors to the inwardly rectifying K+ channel possibly through an action on the G-protein.
Morphine
and opioid peptides inhibit the reproductive cycle of the mammal at least in part through their direct actions on hypothalamic neurosecretory neurons . These hypothalamic neurons in the arcuate nucleus (ARC) are hyperpolarized by activation of p-opioid receptors that are linked to an inwardly rectifying potassium conductance . This mechanism of action of opioids has also been identified in other CNS and PNS neurons (see North et al., 1987) .
The efficacy of morphine and the opioid peptides to inhibit reproductive events is dependent on the steroid milieu. The gonadal steroids play a major role in modulating the tonic opioid input onto hypothalamic neurosecretory neurons during the reproductive cycle of the mammal (Ferin et al., 1984; Kalra and Kalra, 1984; Millan and Herz, 1985) . There appears to be decreased opioidergic tone at the time of the preovulatory surge of luteinizing hormone (LH; Kalra and Kalra, 1984; Millan and Herz, 1985) . We therefore hypothesized that an elevation in serum estrogens plays a role in modifying the opioidergic tone through a modification of the receptor-mediated response in parvocellular neurosecretory neurons (e.g., P-endorphin, dopamine, and gonadotropin-releasing hormone). Since GABA is another potent inhibitory transmitter in the hypothalamus that is present in the ARC (Vincent et al., 1982) and the GABA, receptor is coupled to the same inwardly rectifying potassium conductance in the rat (Loose et al., 1991) , we tested the hypothesis that estrogen suppresses both the p-opioid and GABA, responses that are coupled to the inwardly rectifying K+ channel. The EC,, values for the p-opioidand the GABA,-mediated hyperpolarization were compared in slices obtained from female guinea pigs exposed to low levels of serum estrogen versus high levels of serum estrogen.
Preliminary results from this work have been presented in abstract form (Kelly et al., 199 la, b) .
Materials and Methods
Female guinea pigs (Topeka; 350-600 gm), born and raised in our colony, were maintained on a 14 hr light/l0 hr dark lighting schedule (lights on 0630-2030) and were ovariectomized under ketamine (33 mg/kg)/xylazine (6 mg/kg) anesthetic 6-10 d before each experiment. Each animal was given a subcutaneous injection of estradiol benzoate (EB; 25 fig) or oil (100 ~1; oil-treated) 24 hr before it was killed by decapitation. EB-treated and oil-treated animals were used alternately throughout the course of these studies. Serum estrogens determined by radioimmunoassay (RIA; Steroid RIA Core, P 30 HD 18 185) were 1 OO-150 pg/ml in the EB-treated animals and less than 12 pg/ml (sensitivity of the RIA was 2.5 pg/ml) in the oil-treated animals at the time of death. Each animal was decapitated at 0900-0930; the brain was removed, the hypothalamus was dissected, and coronal slices of 450 pm thickness were cut on a vibratome (Loose and Kelly, 1989) . A single slice was submerged in an oxygenated (95% O,, 5% CO,) salt solution at 35 & 1 "C; the solution flowed through at 1.5 ml/min and contained (in mM) NaCl, 124; KCl, 5; NaH,PO,, 1.25; MgSO, , 2; CaCl, , 2; NaHCO, , 26;  dextrose, 10; and HEPES, 10. Intracellular recordings were made from arcuate neurons using techniques similar to those previously described with the procedures of Finkel and Redman (1985) . Current and voltage traces were recorded on a chart recorder (Gould 2200) and periodically stored on an FM tape recorder (Vetter Instruments). Data are reported from cells that exhibited overshooting action potentials and had membrane potentials of less than -50 mV for at least 20 min. Voltage-current relationships were obtained by applying a series of depolarizing and hyperpolarizing current pulses (> 150 msec) and measuring the voltage at the end of each step. The apparent input resistance of the cell (R,,) was calculated from the slope of the voltagecurrent plots in the region between -60 and -80 mV. Voltage-current plots were also done during the drug-induced hyperpolarization in at least half of the cells from both groups of animals to ascertain the reversal potential of the effect (e.g., Fig. IA) . The membrane time constant was estimated by measuring the time for a voltage deflection (= 10 mV) to reach 63% of its steady-state level. Numerical data are expressed as mean t SEM, except as noted. Comparisons between groups were evaluated using the x2 statistic, and a p value less than 0.05 was considered significant.
Tetrodotoxin (2 PM; Sigma) was added to the solution prior to application of opioids in the majority of cells. A cumulative dose-response curve was generated to DAMGO (Peninsula Labs), an opioid agonist selective for p-receptors (Handa et al., 198 1; Williams and North, 1984) . The membrane hyperpolarization caused by DAMGO (20 nM, 50 nM, 100 nM, 300 nM, 600 nM, 1 FM) was measured. Solutions containing each concentration were applied for 6 mitt, which was sufficient for the membrane potential to reach a new steady level. The EC,, was estimated from a third-order regression function fitted by computer to the experimental points. An unpaired t test was used to compute statistical significance between the EC,, values, and a two-way ANOVA was used to compute statistical significance between the curves for the two groups. After washout of 1 PM DAMGO, a second series of DAMGO concentrations (100 nM to 50 PM) was applied in the presence of naloxone (30 nM, 100 nM, or 1 FM). The dissociation constant for naloxone (K,) was estimated by computing the dose ratio at 50% of the maximal effect (Schild, 1947; Tallarida et al., 1979) .
In a second series of experiments, the membrane hyperpolarization to baclofen (l-80 PM), a specific agonist for the GABA, receptor, was measured. Solutions were applied as described above, and the EC,, values were determined. The occlusion of the baclofen response by DAMGO and of the DAMGO response by baclofen was accessed by utilizing supramaximal concentrations of both drugs for both animal groups.
Following a dehvde in 0.03 recording, the slices were immersed in 4% paraformal-M Sorensen's nhosnhate buffer CDH 7.4) for 90-100 min. The slices were then soaked overnight in this phosphate buffer with 30% sucrose. Sections (16 pm) were cut on a cryostat and mounted on slides coated with poly+lysine.
Sections were washed with a 0.1 M sodium phosphate buffer (pH 7.4) and then processed with streptavidin-FITC as previously described . After localization of the biocytin-filled neurons, the slides containing the appropriate sections were processed with p-endorphin antisera (R13; Weber et al., 1982) at 1: 1000 or an affinity-purified tyrosine hydroxylase (TH) antiserum (Pel Freeze) at 1:750 using fluorescence immunohistochemistry .
Results
Fifty-four neurons (N = 16, oil-treated; N = 38, EB-treated) were studied. There were no differences in the resting membrane potential (oil, -57 f 3 mV; EB, -59 f 2 mV), R,, (oil, 293 f 32 MO; EB, 325 f 44 MQ), or T (oil, 18 -t 3 msec; EB, 15 f 1 msec) between the two groups of neurons. Neurons from both groups exhibited the conductances that we described previously ) and can be summarized as follows: most of the neurons from both groups of animals (oil, 56%; EB, 5 o/) h'b' d t' 3 o ex I ite a ime-dependent inward rectification (I,), 22% of the cells (oil, 25%; EB, 21%) exhibited a low-threshold spike that is typical ofARC dopamine-containing neurons and another 33% of the cells (oil, 38%; EB, 32%) displayed an Z, that is present in some P-endorphinxontaining neurons including three out of five of the P-endorphin cells in this study.
A complete dose-response relationship was obtained for 16 neurons from 15 animals (seven cells from six oil-treated, and nine cells from nine EB-treated animals) with 20 nM to 1 PM DAMGO. All neurons that were tested from the oil-treated animals were hyperpolarized by DAMGO; eight of nine neurons in the EB-treated group were hyperpolarized. Typical responses are shown in Figure 1 . The maximum membrane hyperpolarization (oil, 11.0 2 1.3 mV, vs. EB, 12.6 rt 2.1 mV) or the decrease in R,, (oil, 48 -t 10%; EB, 46 ? 6%) did not differ between the two groups. However, EB treatment significantly (p < 0.0001) shifted the dose-response curve (Fig. 2) . The EC,, differed significantly @ < 0.001) between the two groups (oil, 70 +-12 nM, vs. EB, 240 -t 25 nM). There was no overlap in the EC,, values between any neurons from the two groups (range of oil EC,, values, 65-l 50 nM; EB-treatment EC,, values, 160-320 nM). These concentrations of DAMGO are below those at which desensitization has been shown to occur (Harris and Williams, 199 1) . Following a washout of DAMGO and a return to the original resting membrane potential (e.g., Fig. l) , a second cumulative dose-response curve (100 nM to 50 ELM) was generated in the presence of the opioid antagonist naloxone (30 nM, 100 nM, or 1 WM) in neurons from each group (Fig. 3) . The K, for naloxone antagonism was not different between the two groups (oil, 8.3 2 l.SnM,N=4,vs.EB,6.6-t 1.8n~,N=3). To identify where in the receptor/G-protein/K+ channel cascade estrogen may be acting to depress the I-opioid response, we examined the response of an additional group of ARC neurons (N = 8) to baclofen, a GABA, agonist. Both the p-opioid receptor and the GABA, receptor are coupled to the same inwardly rectifying potassium conductance in that the hyperpolarization induced by either agonist was occluded by prior maximal activation of the potassium conductance by the other agonist (e.g., Fig. 4 ; N = 7). We have previously identified such an occlusion in rat ARC neurons (Loose et al., 199 1) . Moreover, the dose-response relationship for the GABA, agonist baclofen exhibited a 3.3-fold rightward shift following estrogen treatment without an alteration in the maximal response (the EC,, shifted from 11.0 f 4.0 WM, N = 4 cells from four oil-treated animals, to 36.0 f 5.0 WM, N = 3 cells from three EB-treated animals; p < 0.02). The maximum membrane hyperpolarization did not differ between the two groups (oil, 15.0 ? 1.4 mV, vs. EB, 12.3 & 1.4 mV). One cell from an EB-treated female did not respond to baclofen (up to 100 WM).
All of the neurons for which a dose-response relationship was obtained were identified in the ARC with streptavidin-FITC labeling. There were no obvious morphological differences between the two treatment groups. The recorded neurons were small (7 x 11 Km to 11 x 13 pm; 10 cells from oil-treated and 9 cells from EB-treated animals) oval/fusiform cells with one to two processes and larger (12 x 20 Km; three cells from oiltreated and two cells from EB-treated animals) pyramidal cells with three processes. Moreover, two of nine (oil-treated group) and three of eight (EB-treated group) neurons responsive to DAMGO were shown to contain p-endorphin (Fig. 5) . Seven cells (five cells from the EB-treated group and two cells from the oil-treated group) were processed for TH immunostaining based on the presence of a low-threshold spike ; none of the cells were immunoreactive for TH. However, the latter cells may have been TH containing, for we do not have complete success in immunostaining all biocytin-filled neurons . We concluded that the recordings were done from the same heterogeneous population of 50 nM 600 nM 600 nM -Washout Figure 1 . Continuous chart record showing the dose-resnonse to the p-opioid agonist DAMGO. A, Intracellular recording (top) is in an ARC neuron from an ovariectomized. oiltreated female guinea pig. Conccntrations of 50 nM, 100 nM, and 300 nM hyperpolarized the cell 6, 11, and 16 mV, respectively, and reduced R,, 69%, without any further changes at the 600 nM concentration. The EC,, was 66 nM. Drug applications were done in the presence of TTX (2 FM), which was not present during the washout (broken line). It took -24 min to wash out the DAM-GO effects. The downward deflections represent the membrane voltage responses to constant current hyperpolarizing pulses (1 Hz), which approximated R,,. A voltage-matched (+90 PA), current-voltage plot (bottom) was done during maximum hyperpolarization, and the reversal for the DAMGO response (intersection of curves) was at the calculated E,, (-93 mv). The reversal potential did not differ between the two groups of animals. Resting membrane potential, -50 mV. B, Intracellular recording is in an ARC neuron from an ovariectomized, EB-treated female guinea pig. Concentrations of 100 nM. 300 nM. and 600 nM DAMGO hyperpelarized ;he cell 5, 15, and 23 mV, respectively, and reduced R,, 42%, without anv further changes at the 1 ILM concentration. The EC,,was 210 ;M. Drug applications were done in the presence of TTX (2 PM), which was not present during the washout (broken line). It took ~24 min to wash out the DAM-GO effects. The downward deflections represent the membrane voltage responses to constant current hyperpolarizing pulses (1 Hz), which approximated R,. Resting membrane potential, -52 mV (in 2 PM TTX). 
Discussion
It has been known for a number of years that morphine inhibits gonadotropin secretion in the mammal (Barraclough and Sawyer, 1955; Kinoshita et al., 1980; Sylvester et al., 1982; Gabriel et al., 1983) . Moreover, opioid peptides attenuate the preovulatory increase of LH and prevent ovulation (Ieiri et al., 1980; Kalra, 1981) , and naloxone potentiates the duration and magnitude of the ovulatory surge of LH in the rat (Ieiri et al., 1980; Kalra, 1981) elevates portal blood levels of gonadotrophinreleasing hormone in the rhesus monkey (Ferin et al., 1984) and advances ovulation in the human female (Rossmanith et al., 1988) . Based on the latter studies, it has been inferred that there is tonic opioid input that is attenuated by the gonadal steroids at the time of the preovulatory surge of LH (Kalra and Kalra, 1984; Millan and Herz, 1985) . The present studies suggest a cellular mechanism for this decreased opioidergic tone prior to ovulation.
Estrogen at concentrations similar to those observed prior to the LH surge shifted the dose-response curve by 3.4-fold (decreased efficacy) without changing the maximal response. Therefore, opioid input that previously was effective would become less effective as a result of an estrogen-induced decrease in the postsynaptic sensitivity to endogenous opioids. Although estrogen would also disinhibit the /3-endorphin neurons that synapse on other heurosecretory neurons, the net effect would be less inhibitory input because of decreased postsynaptic sensitivity. . A third-order regression was used to fit the curve to the points. The EC,, for the EB-treated group (240 nM) was significantly (p < 0.001) greater than for the oil-treated group (70 nM). Twoway ANOVA for the dose-response curves, p < 0.000 1 (df = 3).
The affinity of the p-opioid receptor for naloxone antagonism of the response (K,) was the same in both groups of animals. Therefore, there are several possible mechanisms by which estrogen could modify the opioid response in ARC neurons: first, estrogen could decrease the number of F-opioid receptors; second, estrogen could alter the expression of K+ channels; or third, estrogen could alter the G-protein coupling of the h-receptor to the K+ channel, which may be reflected in a change from the high-affinity, G-proteinxoupled state to the low-affinity, G-protein-uncoupled state of the p-receptor (Ueda et al., 199 1) . Regarding the first possible mechanism, long-term treatment (5 d) of ovariectomized female rats with estrogen has been shown to increase dopamine Dl and D2 receptors in the striatum (Rajakumar et al., 1987; Hruska and Nowak, 1988) and decrease GABA, receptors in whole brain (Juptner et al., 199 1) without affecting the Kd for the various ligands. However, even long exposure of ovariectomized rats to estrogen (5 d) alters the B,,, for the various ligands by no more than twofold. For the shift in the dose-response curve seen in the present studies, one would have to hypothesize that estrogen causes an even greater change (decrease) in p-receptors within a shorter time period (24 hr). Furthermore, since estrogen treatment also shifted the doseresponse curve to baclofen, it is more likely that rather than altering the expression oftwo different populations of membrane receptors, p-opioid and GABA, receptors, estrogen could alter a single element (G-protein) that is common to both receptors and couples them to the inwardly rectifying K+ channel.
Estrogen could also downregulate the expression of K+ channels. It is known, for example, that estrogen can induce the expression of a unique class of K+ channels in uterine myometrial cells within 3 hr following a single injection in vivo in ovariectomized rats (Pragnell et al., 1990) . However, in the present studies the maximum hyperpolarization (11-12 mV) with the accompanying increase in conductance (46-48% decrease in Ri,) is the same in both groups of animals, suggesting Figure 3 . Dose-response curve from an ARC neuron from an ovariectomized, EB-treated female guinea pig illustrating the naloxone inhibition of the p-opioid response (100 nM naloxone shifted the EC,, by about one log unit). The K, for the naloxone inhibition was 9.0 nM. A similar rigbtward shift was seen in ARC neurons recorded from ovariectomized, oil-treated females.
that the number of channels and the conductance state of the channels are unaltered with estrogen treatment.
A more likely site of action of estrogen would be at the G-pro- the pertussis toxin-catalyzed ADP-ribosylation of Got subunits without affecting levels of Gcu subunits in the striatum (Maus et al., 1990 ). Maus and colleagues conclude that these actions of the gonadal steroid are exerted through a stabilization of the G,O,ip,-/ complex since pertussis toxin preferentially ADP-ribosylates this heterotrimer (Maus et al., 1990) . These effects of estrogen are manifested within 24 hr following in vivo administration. The M-opioid receptor is coupled to a K+ channel via a pertussis-sensitive G-protein (Miyake et al., 1989) . Therefore, in the present studies, estrogen could inhibit the expression of Goi or alter the G,,a,Y complex (via phosphorylation?) such that it would be less likely to dissociate with binding of agonist, thereby decreasing the efficacy of the coupling of the receptor to the channel and subsequently decreasing the hyperpolarizing response.
The effects of estrogen on the response of ARC neurons to the GABA, agonist baclofen would support the hypothesis that the steroid is altering the coupling of the receptor(s) to the potassium channel. The GABA, and the p-opioid receptors have been shown to be coupled to the same potassium conductance in parabrachial neurons (Christie and North, 1988) and rat ARC neurons (Loose et al., 199 1) . Presently, we have shown that the DAMGO response occludes the baclofen response'in guinea pig ARC neurons (Fig. 4) and that estrogen treatment causes an equivalent shift in the dose-response to baclofen without affecting the maximal response. Therefore, rather than altering the expression of two different populations of membrane receptors, p-opioid and GABA, receptors, estrogen could alter a single element (G-protein) common to both receptors and bring about an equivalent suppression of the hyperpolarizing response. Figure 5 . An example of a double-labeled @-endorphin neuron that was hyperpolarized by DAMGO. Three P-endorphin neurons were identified in the EB-treated group and two in the oil-treated group. A, Photomicrograph of biocytin-streptavidin-FITC labeling of intracellularly recorded ARC neuron. The small fusiform soma was present in two sections. B, Photomicrograph of Texas red staining of P-endorphin in soma and oroximal fiber of cell in A kzrrowl Part of the soma in the adjacent section was also double labeled (no; shown). Scale bar, 10 pm (for A and B).
In morphine-tolerant animals, a similar but smaller rightward shift in the dose-response relationship for DAMGO is observed in locus coeruleus neurons . It appears that the number of functional w-receptors is reduced due to an uncoupling of the receptor to the G-protein (Werling et al., 1989) . There also appears to be a reduction in the expression of the Gai subunit (Attali and Vogel, 1989) . However, estrogen causes a suppression of the membrane hyperpolarization mediated by two heterologous receptor populations, whereas morphine tolerance causes a suppression of the p-opioid response without affecting the (Ye response, which is coupled to the same potassium conductance in locus coeruleus neurons . Moreover, a recent report has shown that corticosterone treatment suppresses the 5-HT,,-mediated hyperpolarization of hippocampal CA1 neurons without affecting the GABA, response, which is coupled to the same potassium conductance (Jo&ls et al., 1991) . Therefore, the actions of estrogen on ARC neurons may be unique and would argue for an action downstream from the binding of agonists with their receptors. Since the activation of the inwardly-rectifying potassium conductance is one of the most powerful inhibitory mechamisms identified in hypothalamic neurosecreotry neurons ) these actions of estrogen would se&to modulate this input during the reproductive cycle of the mammal. Although the G-protein coupling is a likely site for estrogen's actions, it is unclear at this time as to how rapidly tein. Recent studies on the Dl-and D2-dopamine-sensitive and what other intracellular pathways (kinase, etc.) are involved. adenylate cyclase activity in the striatum indicate that estrogen Regardless of the mechanism of action, the attenuation of the enhances the Dl-stimulated activity and suppresses the D2-p-opioid and GABA, responses by estrogen is further indication inhibited activity (Maus et al., 1989 ) through its actions on G,O,i that the steroid has widespread effects on many cellular proprotein subunits (Maus et al., 1989 (Maus et al., , 1990 . Estrogen amplifies cesses.
